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Characterization of human foamy virus (HFV) gag-encoded precursors and the search for a Gag-Pol polyprotein and
mature proteins derived from proteolytic processing were carried out in HFV-infected cells and with purified preassem-
bled cores and extracellular virus by Western blotting and radioimmunoprecipitation using antisera against synthetic
peptides corresponding to putative Gag and protease proteins. Precursor proteins, Pr78gag/74gag and Pr135pol, were
found in the nucleus of epithelial and fibroblast cells 3 – 4 days after HFV infection. Kinetic analysis of HFV Pr78gag and
Pr74gag indicated that Pr78gag is a precursor to Pr74gag. South-Western blot analysis indicated that Pr78gag and Pr74gag
have properties associated with nucleic acid binding protein although they lack the typical zinc-finger motifs found in
retroviral nucleocapsid proteins. Western blot analyses of preassembled HFV cores isolated from the cytoplasm of
infected cells and purified by sucrose gradient centrifugation demonstrated the presence of Pr78gag/74gag and Pr135pol,
but no proteolytically processed Gag proteins were observed. The majority of extracellular HFV particles were found
to have pentagon-shaped cores, as observed intracellularly, and are believed to be the immature extracellular form of
the virus. The highest concentration of extracellular particles, estimated by EM, Western blot, and reverse transcriptase
assays were found in sucrose gradient fractions having a density of 1.21 – 1.24 g/cm3. Western blot analysis revealed
that Pr78gag/74gag and Pr135pol were the major viral proteins associated with these extracellular particles, as only small
amounts of putative proteolytically cleaved capsid (p32) were observed. Our results support the notion that Pol is
translated independent of Gag in HFV-infected cells. q 1997 Academic Press
INTRODUCTION these viruses were characterized only morphologically,
it is not clear whether they were identical to or different
Foamy or spumaviruses are exogenous retroviruses
from the original human isolate from nasopharyngeal car-
with complex genomes that are present in many mamma-
cinoma.
lian species and have been isolated from different organs
The search for an association of HFV infection and
of infected animals (Flu¨gel, 1993, Loh, 1993). In general,
human disease has provided controversial results. Sero-
foamy viruses are extremely cytopathic in cell culture.
logical surveys indicated endemic areas of HFV in Africa
They induce vacuolated syncytia with multinucleation
(Achong and Epstein, 1983; Mahnke et al., 1992) and
and later complete cell destruction (Flu¨gel, 1993). Human
Pacific Islands (Loh et al., 1980). However, absence offoamy virus (HFV) was isolated from cultured cells of an
antibodies in humans was reported by other groupsAfrican patient with nasopharyngeal carcinoma (Achong
(Brown et al., 1978; Neumann-Haefelin et al., 1993). Exog-et al., 1971). HFV-like particles have been detected in
enous sequences related to HFV were found in patientstissues of individuals with different diseases: thyroiditis
with Graves’ disease, (Lagaye et al., 1992); however, as-De Quervain (Stancek et al., 1975; Werner and Gelder-
sociation of HFV with autoimmune disorders was notblom, 1979), toxic encephalopathy (Cameron et al., 1978),
confirmed by others (Schweizer et al., 1995). Studies ofand chronic myeloid leukemia (Young et al., 1973). Since
HFV transgenic mice indicated that HFV may have some
role in neurodegenerative and/or autoimmune diseases
1 The U.S. Government’s right to retain a nonexclusive royalty-free (Bothe et al., 1991; Aguzzi et al., 1993).
license in and to the copyright covering this paper, for governmental
Foamy virus morphogenesis observed by electron mi-purposes, is acknowledged.
croscopy (EM) in some respects resembles that of type2 Present address: Laboratorie de Biologie et Therapeutics des Pa-
thologies Immunitaires-CNRS ERS 107; CERVI-Hopital de la Petie´-Sal- B and type D retroviruses. Preassembled 40- to 50-nm
pe´triere, 83, Boulevard de l’Hoˆpital, 75651 Paris Cedex 13, France. cores with a pentagon-like morphology are present in
3 Present address: GENOVO-INC, P.O. Box 42884, Philadelphia, PA
the cytoplasm and frequently form clusters (Achong et19101.
al., 1971; Loh, 1993). Virions bud either from the plasma4 To whom correspondence and reprint requests should be ad-
dressed. membrane or into vacuoles; however, most particles re-
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main cell associated and their cores rarely condense as on 50–60% confluent monolayer of fresh HEL or U373
MG cells and cultures were analyzed for 3–5 days later.found with other retrovirus genera.
HFV was cloned and the primary nucleotide sequence
Peptides and antiseradetermined (Flu¨gel et al., 1987; Maurer et al., 1988). HFV
contains the obligate retroviral gag, pol, and env genes,
Peptides were assembled on solid supports and pu-
but is more complex in its genomic organization, having
rified by reversed-phase liquid chromatography
a number of additional open reading frames post env.
(RPLC) as previously described (Copeland et al.,
Several unique features deduced from the HFV sequence
1986). The following synthesized peptides corre-
are the lack of typical retroviral ‘‘zinc-finger’’ motifs in the
sponding to the putative HFV Gag structural proteins
nucleocapsid (NC) protein region (Maurer et al., 1988), a
and the protease were used for immunization: MA,
major homology region (MHR) in capsid (CA), and an
V-I-L-R-D-R-N-I-P-R-N-P-L-H-C (nt 1277 – 1318); CA,
immunosuppressive peptide in TM.
P-S-I-P-G-I-H-P-R-A-P-S-C (nt 1841 – 1876); NC1, C-Q-
Two gag-encoded precursors have been observed in
P-R-P-S-R-G-R-G-Q-N-T-S (nt 2639 – 2713); NC2, C-T-
HFV-infected cells (Bartholoma¨ et al., 1992). Early after
N-N-Q-E-S-R-P-S-D-Q-G-S-Q-T (nt 2904 – 3147); PR,
infection, these precursors were found to be concen-
E-I-K-G-T-K-L-L-A-H-W-D-S-G-A-C (nt 3154 – 3197). An-
trated in the cell nucleus. The second glycine and argi-
tisera were raised in rabbits against the 13- to 16-
nine rich sequence (GR box II) of the putative NC domain
mer synthetic peptides. Before immunization RPLC-
was shown to be responsible for directing the precursors
purified peptides were coupled to a carrier protein,
to the nucleus (Schliephake and Rethwilm, 1994); how-
keyhole limpet hemocyanin (KLH). One milligram of a
ever, a direct interaction with the viral nucleic acid has
peptide-KLH conjugate was dissolved in 1 ml of PBS
not been demonstrated. A putative pol precursor-Pr127
and mixed with an equal volume of complete Freund’s
was detected in HFV-infected cells, but not in the crude
adjuvant and administered to New Zealand white rab-
virus pellets (Netzer et al., 1993).
bits subcutaneously at several sites on the rump. Posi-
The function, synthesis, and processing of HFV gag
tive serum and titers to the peptide were determined
and pol gene-coded precursors are not fully understood.
by ELISA utilizing corresponding peptide as an anti-
Little is known about the composition of HFV preassem-
gen. Monoclonal anti-histone pan was obtained from
bled cores in cells and detailed analysis of extracellular
Boehringer-Mannheim (Germany). Rabbit anti-p105/
viral particles is still lacking. The goal of the present
p50 NF-kB protein was obtained from Dr. N. Rice (ABL,
study was to characterize HFV gag- and pol-encoded
NCI-FCRDC, Frederick, MD).
precursors in infected cells, preassembled cores, and
extracellular virus particles using antisera to synthetic Isolation of viruses and preassembled cores
peptides corresponding to the putative matrix (MA), CA,
NC, and protease (PR) of HFV and to determine if HFV Supernatants of virus producing cells were clarified by
low-speed centrifugation at 3,000 rpm for 15 min andPol was synthesized as a fusion protein with Gag.
12,000 rpm for 15 min. Viruses were isolated by high-
speed centrifugation of culture fluids at 35,000 rpm in a
MATERIALS AND METHODS
L5 centrifuge (Beckman) equipped with a Ti45 rotor for
90 min. Virus was resuspended in TN buffer (0.01 M Tris–Cell cultures and transfection
HCl, pH 7.4, 0.1 M NaCl) and purified by pelleting through
a 20% sucrose cushion at 35,000 rpm in a SW41 rotor forHuman epithelial cell lines, U-373 MG (ATCC HTB 17
glioblastoma) and SW579 (ATCC HTB 107 thyroid carci- 90 min followed by final purification on 20–60% sucrose
gradient prepared in TN buffer at 35,000 rpm in a SW41noma), were obtained from American Type Culture Col-
lection. A human embryonic lung cell line (HEL 293) was rotor for 4–5 hr. Fractions (1 ml) were collected, diluted
in TN buffer, and banded at 36,000 rpm in a SW50.1 rotorobtained from Dr. A. Rein (ABL, NCI-FCRDC, MD). Cul-
tures were maintained in DMEM supplemented with 10% for 90 min. Virus pellets were then resuspended in TN
and used for EM, reverse transcriptase (RT), and proteinfetal calf serum (FCS) and of antibiotics. Both epithelial
cell lines were transfected with 5 mg infectious full-length analysis. Preassembled cores were isolated from the cy-
toplasm of HEL cells infected with a wild-type HFV. To-HFV clone-p13HFV (provided by Dr. R. Flu¨gel, Germany)
using the calcium-phosphate method. U373 and HEL cell tally, 2 1 107 cells were treated according to the protocol
of Menendez-Arias et al. (1992), but the concentration oflines also were infected with wild-type HFV (provided by
Dr. P. Loh, University of Hawaii) and cell-free supernatant Triton X-100 in the cell lysis buffer was diminished to
0.1% and a five-times freeze-thawing procedure was em-from infected cells was used for the reinfection of the
fresh U373 and HEL cells. Reinfection of fresh cultures ployed as an additional step to complete cell disruption.
Cores were purified on a 20–60% TN-sucrose gradientof cells was done every 6–7 days. Analysis of the viral
titer in the supernatant from infected cells was done by containing 1 mM phenylmethylsulfonyl fluoride (PMSF)
by centrifugation for 5 hr at 36,000 rpm in a SW 41 rotor.serial 10-fold dilutions. Diluted supernatant was applied
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One-milliliter fractions were diluted 1:4 with TN/PMSF by centrifugation at 10,000 g for 5 min in a microfuge
were analyzed by SDS–PAGE.and centrifuged at 40,000 rpm (rotor SW50.1) for 90 min.
Core pellets were diluted with TN/PMSF and used for
Nuclear and cytoplasmic extractsthe EM, RT, and Western blot analysis.
Nuclear and cytoplasmatic extracts were prepared ac-
RT assay
cording to Schreiber et al. (1989). All manipulations were
performed at 47C. Cells were washed three times withTwo microliters of each pelleted sucrose gradient frac-
tion were tested for their RT activity according to Benzair PBS and resuspended in buffer A (10 mM HEPES, pH
7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, aprotininet al., (1982) with poly(rA)-oligo(dT) (Pharmacia, Piscata-
way, NJ) as exogenous template or without template (as 0.50 mg/ml, 1 mM DTT, 1 mM PMSF) and left on ice for
15 min. Then, a 1/15 vol of 10% NP-40 was added anda negative control), with Mn/2 as a divalent cation and
[3H]thymidine 5-triphosphate (New England Nuclear, the cells were left on ice for an additional 3 min. Nuclei
were pelleted at 10,000 g for 1 min in a microfuge andBoston, MA). The reaction mixture was incubated for 1
hr at 377, and samples were collected on Millipore filters supernatant served as a cytoplasmic fraction. The resid-
ual pellet was washed with buffer A containing 0.65%(pore size 0.45 mm; Millipore Corp., Bedford, MA),
washed three times with 5% TCA, dried, and counted in NP-40 and resuspended in buffer C (20 mM HEPES, pH
7.9, 0.4 M KCl, 1 mM EDTA, 1 mM EGTA, aprotinin 0.5 mg/a liquid scintillation counter.
ml, 1 mM DTT, 1 mM PMSF). After 30 min of incubation on
Uridine labeling ice the nuclei were pelleted at 10,000 g for 5 min and
supernatant served as a nuclear fraction.Four days after infection of HEL cells with a wild-type
HFV, cells were labeled with [3H]uridine (New England
EM
Nuclear, Boston, MA) at a concentration 10 mCi/ml for
16 hr. Supernatant was processed as described under For thin-section EM, infected cells were pelleted at
1,000 rpm for 10 min. The pellets were fixed with 1.25%‘‘Isolation of viruses,’’ 5 ml of each fraction was TCA pre-
cipitated, applied on the Millipore filter (HAWP), and glutaraldehyde in 0.1 M cacodylate buffer at 47 and post-
fixed with 1% osmium tetroxide for 1 hr. Samples werewashed with 10% TCA. Uridine incorporation was ana-
lyzed by liquid scintillation counting. then stained with 1% uranyl acetate, dehydrated with a
graded series of ethanol dilutions followed by 100% etha-
Cell labeling and radioimmunoprecipitation assays nol propylene oxide, and embedded in epoxy resin. Thin
(RIPA) sections were cut and stained with lead citrate and ura-
nyl acetate. Sections were viewed and photographed us-For pulse-chase experiments, U373 MG cells were in-
ing a Hitachi H-7000 transmission electron microscopefected with a wild-type HFV and grown 12 hr before label-
operated at 75 kV. Virus pellets and preassembled coresing in methionine- and cysteine-free medium with 2%
were examined by negative staining. For negative stain-FCS. Cells were metabolically labeled for 15 min with 35S-
ing, samples were fixed with 1% glutaraldehyde and ad-Met and 35S-Cys ([35S]Protein Labeling Mix, New England
sorbed onto glow-discharged carbon-coated grids. TheyNuclear/DuPont) at a concentration 50 mCi/ml for 15 min.
were stained with 2% phosphotungstate acid, viewed,Labeled cells were washed three times with ice-cold
and photographed using a Hitachi H-7000 transmissionPBS, collected by scraping with a rubber policeman, pel-
electron microscope operated at 75 kV.leted by low-speed centrifugation, and lysed (0.01 M
Tris–HCl, pH 7.4, 0.5% Na deoxycholate, 0.5% Triton X-
Gel electrophoresis and Western blotting
100, 0.05% SDS, 5 mM PMSF). Disrupted cells were cen-
trifuged at 13,000 g for 20 min and supernatant aliquots Electrophoresis was performed in 8–16% gradient
polyacrylamide gels containing 0.1% SDS, or in precast(100 ml) were used in RIPA. RIPA was performed with
anti-NC1-CA or -MA sera (preimmune serum was used 8–16% gels (Novex, San Diego, CA). Rainbow and 14C-
Rainbow markers (Amersham, UK) were used for gel cali-as a negative control) and 10% Staphloccocus aureus
(Sigma, St. Louis, MO) was used to adsorb the immune bration. Transfer of proteins was done for 16 hr at 47,
according to Towbin et al. (1979), using 0.22-mm nitrocel-complexes. The immunoprecipitates were formed for 16
hr at 47, washed three times with NET buffer (0.15 M lulose membrane (Sartorius, Germany).
Nitrocellulose membranes with blotted proteins wereNaCl, 0.005 M EDTA, 0.05 M Tris–HCl, pH 7.4, 0.5% NP-
40, and 1 mg/ml bovine serum albumin) and three times blocked with 8% dry milk in PBS with 0.1% Tween 20
overnight. After 2 hr of incubation with a correspondingwith RIPA (0.01 M Tris– HCl, pH 7.4, 0.15 M NaCl, 1%
Triton X-100, 0.1% SDS, 1% Na deoxycholate) buffer. Com- serum (dilution 1:750–1:1000), anti-rabbit IgG conjugated
to the alkaline-phosphatase (Boehringer-Mannheim, Ger-plexes were disrupted by heating at 957 for 5 min in
sample buffer (0.06 M Tris–HCl, pH 6.8, 2% SDS, 5% b- many) in dilution 1:2000 was used as a secondary anti-
body. Some blots were processed by ECL techniquemercaptoethanol, 10% glycerol). Supernatants obtained
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according to the manufacturer’s instructions (Amer- and conditions of hybridization were performed ac-
cording to the manufacturer (Boehringer Mannheim, Ger-sham, UK).
many).
South-Western blotting PCR fragments purified on 1.5% low melting agarose,
followed by additional purification using a PCR purifica-Analysis of ssDNA-binding proteins was performed ac-
tion kit (Promega, Madison, WI), were cleaved withcording to the protocol of Bowen et al. (1980). After trans-
BamHI and EcoRI and cloned in the MCS of the eukary-fer to the nitrocellulose membrane (Sartorius, Germany),
otic expression vector pcDNA3 (Invitrogen, San Diego,the membrane was equilibrated with the binding buffer
CA), downstream to the T7 promoter. Efficiency of the(10 mM Tris–HCl, pH 7.0, 1 mM EDTA, 0.02% Ficoll, 0.02%
recombinant protein expression was tested by in vitrobovine serum albumin, 0.02% polyvinylpyrrolidone, 0.05
translation using TNT wheat germ and rabbit reticulocyteM NaCl) at room temperature for 30 min. Filters were
translation systems according to the protocol of the sup-probed with 5 1 105 cpm/ml heat-denaturated 35Sl DNA
plier (Promega, Madison, WI). Recombinant proteins(labeled by random priming) for 1 hr at room temperature.
were used later for the characterization of antisera (dataAfter intensive washing with the binding buffer (5 times,
not shown).10 min at room temperature), the filter was exposed to
an X-ray film.
RESULTS
Protein sequencing To examine gag- and pol-encoded precursors, preas-
sembled cores, and extracellular particles, we trans-Electrophoresis of proteins was done in a precast
fected human epithelial and fibroblast-like cell lines withSDS–Tricine 10–20% PAG (Novex, San Diego, CA).
the infectious molecular clone p13HFV or infected theTransfer of proteins on PVDF membrane (Bio-Rad, Rich-
cells with a wild-type HFV. Five days after transfectionmond CA) was done in a 10 mM CAPS (3-[cyclohexylam-
of the U373 and SW579 cell lines, typical CPE was ob-ino]-1-propanesulfonic acid) buffer with 10% methanol at
served, including syncytia induction and cell death. The50 V for 30 min at room temperature. Proteins were de-
same kind of CPE was observed in U373 cells and HELtected by staining with 0.1% Coomassie brilliant blue
cells 5 days after infection with a wild-type HFV. EMin 40% methanol and 1% acetic acid. Membranes were
analysis confirmed the presence and morphology of virusdestained in 50% methanol and proteins of interest were
in these cells.cut from the membrane. Sequence analysis was done in
To perform analysis of virus-specific proteins, five anti-an Applied Biosystems Model 477A Pulsed-Liquid Se-
sera were raised to synthetic peptides corresponding toquencer.
the putative MA, CA, NC, and PR (see Materials and
Expression plasmids, PCR, and Southern hybridization Methods). We authenticated the reactivity and specificity
of these antisera using recombinant proteins as anti-Expression plasmids were designed from the respec-
gens. For this purpose, several eukaryotic expressiontive domain structure of HFV gag and pol genes. P13HFV
vectors, based on pcDNA3 and containing most of thewas used for PCR amplification, which was performed
Gag and PR regions, were constructed. Anti-MA-CA,according to the instructions from the supplier of the
-NC1, and -NC2 sera specifically reacted with recombi-kit (Perkin Elmer/Roche, Branchburg, NJ). The following
nant Gag when tested by RIPA. Anti-NC1 and -NC2 alsoprimers were used: Gag 5* ATG GAT CCA TTT GAA ATG
reacted with recombinant NC. Anti-PR1 reacted with re-GTA CGT CTA 3* sense (nt 1365–1391); NC 5* GTC TGG
combinant PR-protein cloned in pET-23(/) and ex-GAG TTT GTG AAT TCT TGC 3* antisense (nt 3006 –
pressed in prokaryotic cells (S. Shulenin, personal com-2882); NC 5* ATA CGG GAT CCA GTG ATG GCT CAA
munication; data not shown).CCC 3* sense (nt 2648–2674); PR 5* CCG GAT CCT CCA
GAG ATG GAT CCT 3* sense (nt 3102–3125); PR 5* GGT Precursor polyproteins in cells
GAA TTC ATT GTA CTA TTT antisense (nt 3717–3697).
Each sense primer contained a BamHI restriction site Analysis of gag-encoded precursors was carried out
by Western blotting and RIPA with anti-MA, -CA, -NC1,and Kozak sequence (Kozak, 1981), each antisense
primer contained an EcoRI restriction site. DNA was sub- and -NC2. U373MG, SW579, and HEL cell lines after
transfection with the HFV infectious clone were exam-jected to 32 cycles of amplification (denaturation, 957 for
1 min, annealing, 557 for 30 sec, extension, 727 for 1 min). ined every 24 hr by Western blotting and, approximately
72 hr after transfection, virus-specific proteins were firstAfter the last cycle, extension was carried out at 727 for
10 min and a 25-ml aliquot of each PCR mixture was detected. All of our antisera raised to HFV Gag peptides
reacted with two gag-coded precursors, Pr78gag andelectrophoresed in a 1.5% agarose gel containing ethid-
ium bromide. Identification of viral-specific DNA based Pr74gag. Two gag-coded precursors were also reported
by others (Bartholoma¨ et al., 1992). The size of the largeon Southern blot analysis (Southern, 1975) was done by
using digoxigenin (DIG) DNA labeling and detection kit precursor corresponds well to that deduced from nucleo-
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sults in nuclear fluorescence, which is an important hall-
mark of foamy virus infection. It was reported earlier that
both Gag precursors are present in the nucleus shortly
after infection of a fibroblast-like cell line with HFV
(Schliephake and Rethwilm, 1994). It was of interest to
compare the relative precursor distribution in the cyto-
plasm and nucleus of epithelial and fibroblast-like cells
3-days postinfection, before visible signs of CPE were
present. We analyzed precursor distribution in cells ei-
ther infected with supernatant containing wild-type HFV
or supernatant from cells transfected with an infectious
clone. Nuclear and cytoplasmic extracts of U373MG cells
were analyzed by Western blotting with anti-NC2 and
-PR sera (see Fig. 2). As seen in Fig. 2A, 3 days postinfec-
FIG. 1. Analysis of Pr78/74 kinetics in U373 MG cells by radioimmu-
tion, the concentration of both Pr78gag and Pr74gag isnoprecipitation in pulse-chase version. Cells were pulse labeled for 15
higher in the nuclear fractions than in the cytoplasm ofmin with 35S-Met, Cys and chased up to 36 hr. Virus-specific proteins
were precipitated with anti-NC1. (A) Chase for 0 min, 15 min, 30 min, epithelial cells. In both the nuclear and cytoplasmic frac-
1 hr, 2 hr; (B) Chase for 2 hr, 12 hr, 36 hr; (0) noninfected U373 MG tions, Pr74gag was observed as the major band. As a
cells labeled for 2 hr and precipitated with anti-NC1; (p.i.) infected control of nuclear fraction purity, we have used anti-p105/
U373 MG cells labeled for 2 hr and precipitated with preimmune sera.
p50 NF-kB rabbit sera (Fig. 2B), since p105 is presentPositions of Pr78gag and Pr74gag are shown on the right. Position of the
only in the cytoplasm, while p50 is present in the cyto-200-kDa protein is marked (*); M, 14C-protein markers.
plasm and nucleus. Western blot analysis of nuclear and
cytoplasmic extracts of U373 MG cells with anti-PR se-
tide sequence and it is estimated to be initiated at the
first Met (nt 1223–1225). The ratio of the precursors
(Pr78gag/Pr74gag) in cells varied from approximately 1:1 to
1:3, as determined by densitometry. The level of virus-
specific protein expression was found to be similar in
epithelial cell lines U373 MG and SW 579. Additional
studies were carried out with U373MG. It is important to
point out that the protein expression level in U373MG
cells transfected with p13HFV is two- to three-times
lower than that in the same cell line infected with wild-
type HFV. The reason for this has not been elucidated.
To determine the origin of Pr74gag, we examined the
kinetics of Pr78gag/Pr74gag turnover in U373MG cells in-
fected with wild-type HFV by RIPA in pulse-chase experi-
ments. Four days after infection, cells were pulse labeled
with a [35S]methionine/cysteine mixture for 15 min and
chased for up to 36 hr. Virus-specific proteins were pre- FIG. 2. Comparative Western blot analysis of Pr78gag/74gag distribu-
tion in nuclear and cytoplasmic extracts of U373 MG cells. (A) (1)cipitated with anti-NC1. Preimmune sera served as nega-
Nuclear extract of noninfected cells; (2) cytoplasmic extract of nonin-tive control. As shown in Fig. 1A, after 15 min of pulse
fected cells; (3) nuclear extract of cells transfected with p13HFV; (4)labeling the only protein precipitated was Pr78gag. Traces
cytoplasmic extract of cells transfected with p13HTV; (5) nuclear extract
of Pr74gag were first detected after a 30-min chase. As of wild-type HFV-infected cells; (6) cytoplasmic extract of wild-type HFV-
shown in Fig. 1B, the amount of precursors was found infected cells. Blot treated with anti-NC2. Positions of Pr78gag/74gag are
indicated on the left. (B) (1) The same as 6 of A; (2) the same as 5 ofto be nearly equal 12 hr later. After a 36-hr chase we
A; (3) the same as 4 of A; (4) the same as 3 of A. Blot treated with anti-detected only Pr74gag and no Pr78gag. Antisera against
NFk-B p105/p50 (dilution 1:1000). Position of p105 is indicated on thethe N-terminal peptide of the MA domain (see Materials
right and molecular weight markers are indicated between A and B.
and Methods) recognized both polyproteins, suggesting (C) Comparative Western blot analysis of Pr135pol distribution in nuclear
that Pr78gag is cleaved at its C terminus to generate and cytoplasmic extracts of U373 MG cells transfected with p13HFV
(lanes 2, 3) or infected with wild-type HFV (lanes 4, 5); (1) nuclearPr74gag. Furthermore, both polyproteins were found to be
extract from noninfected cells; (2) cytoplasmic extract from infectedblocked to N-terminal Edman degradation. Smaller Gag-
cells; (3) nuclear extract from infected cells; (4) cytoplasmic extractrelated proteins were not detected in cell, but we de-
from infected cells; (5) nuclear extract from infected cells; (6) pellet
tected an 200-kDa protein with a half-life of 30 min. from noninfected cells, purified on 20% cushion; (7) HFV pelleted from
The nature of this protein remains to be established. supernatant and purified on 20% cushion. Membrane was treated with
anti-PR taken in dilution 1:750.Detection of viral proteins by immunofluorescence re-
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cytoplasm of cells infected with foamy viruses as single
particles or as multicore clusters (Achong et al., 1971;
Gelderblom, 1991). Our analysis by thin-section EM of
U373 and SW579 cell lines transfected with p13HFV and
U373 and HEL cells infected with a wild-type HFV re-
vealed typical 40- to 50-nm preassembled cores fre-
quently present in the form of multicore clusters in addi-
tion to budding particles. The typical morphology of intra-
cellular and extracellular particles is shown in Fig. 4.
Preassembled cores could be found in association with
external parts of the nuclear membrane (Fig. 4A). How-
ever, contrary to a previous report (Dermott and Samuels,
1973), we did not detect the same kind of cores in the
FIG. 3. Analysis of ssDNA-binding properties of Pr78gag and Pr74gag. cell nucleus. Only clusters of condensed particulate ag-
Supernatants from noninfected and infected cells were collected and
gregates (40–50 nm in diameter), frequently associatedpelleted by high speed centrifugation; (1) pellet from noninfected cells,
with the inner surface of the nuclear membrane werepurified on 20% sucrose cushion; (2) Pellet from HFV-infected cells
purified on 20% sucrose cushion; (A) Western blot with anti-NC2; (B) observed (Fig. 4A, inset). Since these aggregates were
Southern-Western blot with 35S-ssDNA. DNA was labeled by random not found in the nucleus of noninfected cells, they may
priming and heat denaturated. Positions of molecular weight markers represent early forms in the assembly and morphogene-
are given on the left.
sis of the preassembled cores.
By thin-section EM analysis of HFV-infected cell cul-
tures we also observed extracellular particles that arerum revealed that Pr135pol precursor is present mostly in
morphologically different (Fig. 4B). The majority of thenuclear fractions (Fig. 2C). However, we did not detect
virus population consisted of 100- to 120-nm particlesa putative Gag–Pol fusion polyprotein in cytoplasm or in
with long 10- to 13-nm spikes, 50-nm pentagon-shapednuclear extracts by Western blot analysis. Similar results
core, and a wide (20–25 nm) optically lucent interspacewere obtained by analyzing nuclear and cytoplasmic ex-
between the core and envelope. Particles with this mor-tracts of HFV-infected HEL cells.
phology were considered by several investigators to be
the mature form of HFV (Achong et al., 1971; Loh, 1993).HFV Gag precursors possess nucleic-acid binding
Extracellular virus particles of another less common typeproperties
were larger (120 to 150 nm in diameter) and had a thin
It is known that the putative HFV NC protein does not (5–10 nm) interspace between envelope and core. Their
contain zinc-finger motifs important for the normal RNA core structures resemble a pentagon (up to 70 nm in
dimerization and packaging; this is in contrast to the NCs diameter) with a small (20–25 nm) hole in the middle
of other retroviruses. However, the HFV NC region is rich (Fig. 4B). In Figs. 4C and 4D the ultrastructure of an
in glycine-arginine repeats that are considered a putative enveloped mature particle isolated from a gradient frac-
functional substitute for classical retroviral NC zinc-fin- tion with a density of 1.21 g/cm3 is shown. We and others
gers (Schliephake and Rethwilm, 1994). As previously have also observed preassembled cores and multicore
shown, retroviral NC proteins with zinc-fingers are effi- particles covered by a single envelope with long spikes.
cient not only in zinc-binding, but also in nonspecific The appearance of these structures in the supernatant
ssDNA binding (Morozov et al., 1992). Since a mature NC may be the result of aborted or incomplete budding
was not detected in cells, our next goal was to examine caused by the massive CPE.
nucleic acid-binding properties of Pr78gag and Pr74gag.
For this analysis, we have used extracellular HFV purified Isolation and characterization of preassembled cores
on a 20% sucrose cushion. Estimation of nucleic acid To analyze the biophysical properties and the protein
binding properties was carried out by South-Western composition of preassembled cores, we infected HEL
blotting with 35S-labeled ssDNA as a probe. As shown cells with a wild-type HFV and 3 days after infection we
in Fig. 3, both precursors were found to be efficient tar- isolated preassembled cores. Cells were lysed with 0.1%
gets for the ssDNA. The efficiency of ssDNA binding to Triton X-100, followed by five times freeze-thawing to
the HFV Gag precursors was found to be comparable complete cell disruption. After pelleting the cellular de-
with the binding efficiency to NCs of MPMV (p14) and R- bris by low-speed centrifugation, the supernatant was
MuLV (p10) (data not shown). centrifuged at 35,000 rpm for 90 min and the pellet was
diluted in TN buffer and applied to a 20–60% sucrose
Particle morphology
gradient. After 5 hr of centrifugation at 35,000 rpm, su-
crose fractions were collected, diluted 1:4, and virusPreassembled 40- to 50-nm cores with a round- to
pentagon-shaped morphology are usually detected in the cores were recovered by high speed centrifugation.
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FIG. 4. Ultrastructure of HFV. (A) Thin-section electron microscopy (EM) of HEL cells 5 days after infected with a wild-type HFV. Preassembled
cores associated with outer nuclear membrane (bottom left ) and cell associated multicore particles (central ) in the cytoplasm. Inset, detection
of clusters of condensed aggregates in the nucleus. (B) Thin-section EM of the extracellular enveloped particles revealed differences in size and
core morphology. (C) Ultrastructural model of HFV. (D) Negative staining EM of the putative HFV mature particle purified by sucrose density gradient
centrifugation and isolated from fraction of density 1, 21 g/cm3.
Negative-stain EM analysis of the fractions containing containing RT activity are present and active in the preas-
sembled cores (data not shown).virus-specific proteins revealed 40- to 70-nm particles
with a doughnut morphology and a smooth external sur- Western blot analysis with anti-CA and -NC2 sera re-
vealed two principal proteins Pr78gag and Pr74gag (Fig. 5)face (not shown). Each fraction of the gradient was exam-
ined for RT activity using Mn/2 as a divalent cation and with a maximum in the fractions of density 1.21–1.24 g/
cm3. The ratio of the precursors (Pr78gag/74gag) in preas-by Western blotting with anti-CA and -NC2 sera. The peak
of RT activity was found in association with fractions of sembled cores varied from 1:5 to 1:8. With the anti-PR
sera, we also detected Pr135pol in preassembled cores.a density of 1.22–1.24 g/cm3. Relatively high levels of RT
activity clearly indicated that mature RT or precursors Interestingly, no processed Gag proteins or PR were ob-
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uted over a wide range of densities. Negative staining
and thin-section of virus pellets revealed preassembled
cores and particles with typical HFV morphology and
needle-like spikes in gradient fractions 1.14 to 1.24 g/
cm3. In lighter fractions of the gradient (1.14 to 1.18 g/
cm3), clusters of preassembled cores in association with
cellular debris were more frequent. Enveloped particles
were observed mostly in the fractions from 1.18 to 1.24
g/cm3.
Two peaks of RT activity were detected in fractions
with a density of 1.18 and 1.21 to 1.24 g/cm3, respectively.
FIG. 5. Virus-specific proteins associated with preassembled cores. The first peak was smaller than the second one. ThisWestern blot analysis of the virus-specific proteins distributed along
data coincided with the data on extracellular HFV particlesucrose gradient. Density of each fraction is indicated. (1) 1, 15 g/cm3;
infectivity, which was found primarily in fractions with a(2) 1, 17 g/cm3; (3) 1, 19 g/cm3; (4) 1, 21 g/cm3; (5) 1, 23 g/cm3; (6) 1,
25 g/cm3; (7) 1, 27 g/cm3; (8) 1, 285 g/cm3. Anti-NC in dilution 1:1000 density of 1.21 to 1.22 g/cm3 (Brown et al., 1978). Analysis
was used for the detection of virus-specific proteins. Positions of of [3H]uridine incorporation revealed that most of the viral
Pr78gag, Pr74gag, and the 200-kDa protein are indicated. RNA was in the same fraction as polymerase activity
(data not shown).
Western blot analysis of virus-specific proteins distrib-served in association with preassembled cores. Electro-
uted along the sucrose gradient clearly demonstratedphoretic analysis and protein staining revealed an asso-
that Pr78gag/Pr74gag are the two principal proteins associ-ciation of preassembled cores with at least five cellular
ated with extracellular particles that were present mostlylow molecular weight proteins ranging from nearly 8 to
in fractions with a density of 1.21 to 1.24 g/cm3. We were18 kDa. The same proteins were also found in associa-
able to detect the putative CA (p32) of HFV only aftertion with extracellular particles; however, their abun-
overloading gels with virus-containing material. The high-dance was higher with preassembled cores. Western
est level of p32 was also found in association with frac-blot analysis with anti-histone pan monoclonal antibod-
ies showed that these proteins are histones (data not
shown). N-terminal amino acid sequencing of these pro-
teins confirmed immunological results and identified four
histones: H2A, H2B, H3, and H4. However, whether this
association is random or specific remains to be deter-
mined.
Isolation and characterization of extracellular
particles
Isolation and purification of HFV from cell supernatants
is difficult for several reasons. First, most virus particles
remain cell associated, resulting in few free extracellular
viruses. Second, the virus-induced CPE produces signifi-
cant cellular debris that associates with the preassem-
bled cores. Both of these factors make purification and
analysis of extracellular enveloped virus difficult. To re-
duce contamination, supernatant from infected cells was
collected in the period of time prior to extensive CPE.
HFV isolation was performed several times from 2 li-
ters of cell culture medium, collected between the 3rd
FIG. 6. Western blot analysis of the virus-specific proteins associatedand 5th day after infection when CPE was observed in
with extracellular particles, purified on 20% sucrose cushion. (A) M,
less than 30% of infected cells. Western blot analysis of rainbow molecular weight markers; (1) Pellet from noninfected cells
specific proteins of the virus purified on a 20% sucrose purified on 20% sucrose cushion; (2) HFV pellet, purified on 20% sucrose
cushion. Antisera used are indicated on the bottom of each panel. Blotscushion is shown in Fig. 6A. As can be seen, all of the
were treated with anti-rabbit IgG conjugated to alkaline phosphatase asanti-Gag sera reacted with Pr78gag/74gag, and no mature
a secondary antibody. Positions of virus-specific proteins as indicated.Gag proteins were observed. Anti-PR sera reacted with
(B) Detection of p32 associated with particles of density 1.215 g/cm3.
Pr135pol, but the putative PR was not detected. EM analy- Western blot was done with anti-CA (1:750). Densities (g/cm3) of frac-
sis of the virus particles purified by sucrose density cen- tions in lanes (1) 1,12; (2) 1.15; (3) 1,18; (4) 1,215 (5) 1,25; (6) 1,28;
positions of Pr78/74 and p32(CA) are indicated on the right.trifugation (see below) revealed that they were distrib-
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tions of 1.21 to 1.22 g/cm3. Detection of p32 makes it type-D retroviruses, but nuclear fluorescence and accu-
mulation of gag- and pol-encoded precursors in the nu-possible to consider that, in some particles, processing
of Gag precursors occurs at a low level (Fig. 6B). In cleus of infected cells are specific for the foamy viruses.
Virus-induced cytopathology in vitro is a hallmark ofterms of protein patterns, our data suggests that HFV
extracellular particles released from U373MG and HEL foamy viruses. However, mechanisms of virus-induced
CPE are unknown. The initial CPE is observed as smallcells are mostly immature. Moreover, the present data do
not permit a morphological distinction between immature foci of multinucleation, which later involve as many as
20 or more nuclei per syncytium (Loh, 1993). Three toand mature HFV. As with preassembled cores, we regu-
larly detected histones cosedimenting with extracellular four days later, there is complete destruction of the multi-
nucleated foci. It is important to point out that in HFV-particles.
infected cells, we have seen ‘‘leakage’’ of the nucleus
and release of electron-dense nuclear material into theDISCUSSION
cytoplasm by EM 4–5 days after infection. Frequently,
this electron-dense material was found to contain preas-In the present study we focused on HFV gag- and pol-
encoded precursors and their appearance during virus sembled cores. Later in the infection, the nuclei of most
cells are mostly electron-lucent in the absence of nuclearmorphogenesis. To analyze viral-specific proteins in cells
and in virus particles, five antisera were raised in rabbits membrane disruption.
From cell lysates, preassembled cores were purifiedagainst peptides corresponding to different domains of
the Gag precursor and putative viral PR encoded by the by sucrose gradient centrifugation and analyzed by EM,
Western blot, and RT assays. Smooth 40–65 nm in diam-pol open reading frame. Recent reports have indicated
that two gag-encoded precursors are present in HFV- eter doughnut-shaped particles were observed. The two
gag-encoded precursors, Pr78gag and Pr74gag, were theinfected cells (Bartholoma¨ et al., 1992; Aguzzi et al., 1993;
Hahn et al., 1994). After infection with a wild-type HFV main viral protein components; high levels of RT activity
were associated with such particles. Western blot withor initiation of infection by transfection with an infectious
molecular clone, we also observed two gag-encoded anti-PR serum confirmed the presence of Pr135pol; how-
ever, no mature PR was observed. This suggests thatprecursors (Pr78 and Pr74) in epithelial and fibroblast
cells lines. Analysis of the kinetics of protein synthesis the high levels of RT activity must be attributed to the
activity of Pr135pol, as no processing of Pol was evident.revealed that Pr78gag is the primary Gag polyprotein syn-
thesized. It is likely that Pr78gag is cleaved at the C termi- Extracellular particles were harvested from cells su-
pernatant. Thin-section EM of HFV-infected cells as wellnus to give rise to Pr74gag. We found both polyproteins to
be resistant to N-terminal sequence analysis, indicating as of negative staining of sucrose gradient purified extra-
cellular particles revealed that they can be polymorphic.blocked N-termini. However the precursor product rela-
tionship needs to be confirmed by other methods such In addition to naked preassembled cores, two morpho-
logically different types of enveloped particles were de-as peptide mapping combined with immunochemical
identification and/or sequencing the internal peptides. tected. The majority of particles contained 40- to 55-nm
pentagon-shaped cores with an electron lucent in-The finding that the antibody to a synthetic peptide corre-
sponding to nt 1277–1318 (MA-encoding domain) recog- terspace and surface spikes on the envelope. A very
minor population of particles was slightly larger and hadnizes both polyproteins suggest that they are initiated
at the first AUG of the gag ORF. Radiolabeling with condensed cores which were less distinct in shape. It is
likely that the second type of particles represents the[3H]myristate, and [14C]mannose as well as [14C]-glu-
coseamine failed to show incorporation of label, indicat- mature form of HFV while the former are immature parti-
cles (Gelderblom, 1991). Since Pr78gag and Pr74gag wereing that the Gag polyproteins are not myristylated or gly-
cosylated. Our data supports previous reports that both the predominant proteins in extracellular particles and
the level of p32 in these preps was low, we considerpolyproteins are located in the nucleus (Schliephake and
Rethwilm, 1994). Moreover, we believe that the Gag pre- that most of the precursor proteins in the extracellular
particles are never processed to the mature state.cursors and Pr135pol localize to the nucleus after synthe-
sis. The identity of Pr135pol appears to be the same as Based on the present results and previously published
data, we propose several principal levels of HFV matura-the previously described Pr127pol (Netzer et al., 1993;
Aguzzi et al., 1993). South-Western blot analysis revealed tion in epithelial and fibroblast-like cell lines. After trans-
lation, Pr78gag is slowly processed to give rise to Pr74gag.that both Gag precursors have properties of nucleic acid
binding proteins. As for other retroviruses (Berkowitz et Pr135pol appears to be synthesized independently of Gag
precursor (Konvalinka et al., 1995; Yu et al., 1996). Bothal., 1993), these polyproteins are likely to participate in
virus assembly and selection of viral RNA. precursors are transported to and are accumulated in the
nucleus. Since Gag precursors are nucleic acid-bindingFoamy virus morphogenesis differs from that of lentivi-
ruses and other retroviruses. Preassembled cores are proteins, they could be involved in selection of viral RNA
in the nucleus; however, the present data have not clearlyformed in the cytoplasm as in the case of type-B and
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